Among recently developed genetic tools, RNA interference (RNAi) is one of the most effective methods used in eukaryotes. Although an RNAi-like mechanism can be invoked in Toxoplasma gondii, a highly effective RNAi methodology is still elusive. Using a dual luciferase system, the ability of short (28 nucleotides) and long dsRNA (~600 nucleotides) as RNA effectors controlling gene expression in T. gondii was evaluated. An effective down regulation can be observed when ≤ 1 microgram of short dsRNAs were used in the down regulation of Renilla luciferase. We have detected that short dsRNAs are better gene modulators than long dsRNA. Most importantly, due to its high sensitivity and reproducibility, the dual luciferase reporter system reported here offers an excellent tool to be used in (i) the standardization of the RNAi silencing methodology performed in different Toxoplasma laboratories, (ii) the detailed mechanistic study of the RNAi pathway, and (iii) the development of better genetic tools for the biological study of protozoan parasites.
Introduction
Since its discovery [1, 2] , RNA interference (RNAi) has become one of the most effective tools used in biological research for altering gene expression patterns for studying functional genetics. The RNAi methodology has expanded to serve many applications and purposes in both diagnostic and medical sciences [3, 4] . Fundamentally, RNAi is a naturally occurring, evolutionary conserved, highly efficient and specific pathway by which short double-stranded RNAs (dsRNA) trigger the inhibition of gene expression [5, 6] . In metazoan, dsRNAs are expressed in the form of long primary transcripts, called pri-miRNAs. Pri-miRNAs are single, foldback molecules that form dsRNA structures by intramolecular interactions, which are then processed by one or more RNase III members (i.e. Drosha and Dicer) into short and functional silencing RNAs, called miRNAs [3, 7] . One single strand of the miRNA, called the mature guide or antisense strand, is then loaded onto the RNAinduced silencing complex (RISC), which allows it to bind its mRNA target to induce gene silencing [8] . In protozoan, such a mechanism has been elucidated in Trypanosoma brucei, a parasitic and pathogenic kinetoplast [9] , which has a more complex silencing mechanism in Tetrahymena thermophila, a ciliated paramecium [10] .
The discovery of an RNAi mechanism in T. brucei [9] has sparked considerable interest in exploiting the mechanism for the study of pathogenesis in a variety of pathogenic protozoan parasites, including T. cruzi (Chagas disease), Leishmania spp. (leishmaniasis), Plasmodium spp. (malaria) and T. gondii (toxoplasmosis). Limited success has been reported [11] , and its possible causes could lay in their evolutionary divergence [12] . The genome sequence revealed the absence of RNAi genes in T. cruzi [13] and old-world L. major and L. donovani [14] , thus explaining their lack of response to dsRNA. Enigmatically, P. falciparum, whose genome lacks conserved RNAi-genes, was shown to exhibit homologous gene silencing, akin to RNAi, where dsRNA could trigger down-regulation of gene expression [15] . Based on their evolutionary divergence, only some species have conventional RNAi genes and functions; while others retain only some homologs and/or functions. More investigations are required to unravel the mechanism of homologous gene silencing and to render a fruitful genetic tool for these protozoan parasites.
Among these evolutionarily distant protozoan organisms, T. gondii harbors homologs of Dicer, Argonaute and RNA-dependent RNA polymerase [11, 16, 17] . T. gondii, an obligate intracellular parasite of the phylum Apicomplexa, is one of the most successful parasitic pathogens that has infected an estimated one third of the population and is a major threat in immunocompromised individuals [18] . To gain a better understanding of the biology and pathogenesis of T. gondii, a homologous gene silencing via RNAi methodology offers an excellent genetic tool. Although the canonical RNAi mechanism has not yet been demonstrated in T. gondii, it was shown that miRNAs in T. gondii (Tg-miRNAs) are expressed in a high abundance in some lineage strains such as, RH (type I), PRU (type II) and CTG (type III) [16] . Some of these annotated TgmiRNAs were shown to associate with translation machinery, suggesting their functions in the regulation of gene expression similar to other eukaryotes. Moreover the possible targets of TgmiRNA were predicted to interact by perfect or partial base-pair interaction similar to those of siRNA and miRNA of other eukaryotes [16] .
Despite a lack of a mechanistic characterization, our group is one of few laboratories which successfully showed that homologous gene silencing, similar to RNAi, is functional and can be used in the study of T. gondii biology [19] [20] [21] [22] [23] [24] [25] [26] . However, these results have proved difficult to reproduce in other laboratories [11] .
Here, in an attempt to standardize homologous gene silencing in T. gondii, a dual luciferase reporter system was employed so that the expression of Photinus (firefly, Ffluc) and Renilla (Rnluc) luciferases, served as an internal control and a test target, respectively. Such a reporter system would allow any interested laboratories to set up comparable experiments to ensure reproducibility of the RNAi activity.
A similar reporter system was successfully used in the study of an RNAi mechanism in mammalian cell cultures, including Hela, Cos-7 and Huh-7 cells [2, 27] . The reporter system would thus allow for an unbiased analysis of the silencing capability and effectiveness found in T. gondii, in comparison to those of other organisms. In addition, we have demonstrated that both long and short dsRNA are capable of invoking homologous gene silencing in T. gondii with different silencing abilities. Here we referred to the short dsRNA with perfect-matched central bases as "siRNA", and that with mismatched central bases as "miRNA". This study is the first to show the ability of miRNA to induce gene silencing in T. gondii.
Materials and Methods

Cell and parasite cultures
Human foreskin fibroblasts (HFF; ATCC, #1041) were maintained using Dulbecco's Modified Eagle Media (D-MEM) with high Dglucose and L-glutamine (Invitrogen, #12100046) supplemented with 10% cosmic calf serum (ThermoFisher Scientific, Hylcone, #H3008704N) and diluted (0.5x) Antibiotic-Antimycotic (Invitrogen, #15240-062) at 37C in 5% CO 2 . RHHX, T. gondii type I strain (NIH AIDS Research and Reference Reagent Program, #2857) was cultured in confluent HFF using Minimum Essential Media (MEM, Invitrogen, #61100061) supplemented with 1% dialyzed fetal bovine serum (ThermoFisher Scientific, Hyclone, #SH3007903) and diluted (0.5x) AntibioticAntimycotic.
Reporter plasmids
Expression plasmids, pTubRn and pTubFf, were derived from pRL-3xBulge and pFL-Con [28] and pTub_eGFP_mCherry_CAT which were gifts from W. Filipowicz (Friedrich Miescher Institute for Biomedical Research, Switzerland) and J. Murray (University of Pennsylvania, USA), respectively. In separate reactions, the DNA fragments containing the coding sequence of Rnluc & miRNA-testing target sites and the coding sequence of Ffluc was excised from the plasmids pRL-3xBulge and pFL-Con following (i) Not I digestion, (ii) Klenow Fragment treatment, (iii) NheI digestion and (iv) gel extraction. The resulting DNA fragment containing either designed Rnluc-silencing target or Ffluc was ligated to prepared pTub_eGFP_mCherry_CAT. In the preparation of pTub_eGFP_mCherry_CAT, the coding sequence of eGFP_mCherry fusion was removed following (i) Afl II digestion, (ii) Klenow Fragment treatment, (iii) Nhe I digestion and (iv) gel extraction to give the cloning vector carrying the T. gondii-Tubulin (TgTub) promoter and the polyadenylation signal, contained within the 3'-UTR of T. gondii dihydrofolate reductase (TgDHFR), flanking the Rnluc or Ffluc coding sequence, and chloramphenicol acetyltransferase cassette. Resultant pTubRn and pTubFf plasmids were subjected to restriction endonuclease analyses and nucleotide sequencing reactions to confirm their identity and correct open reading frame.
In vitro transcription of long and short dsRNA
In vitro transcription reactions were carried out using either 2 µg DNA amplicons or 2 µM annealed oligonucletide primers as templates in the presence of T7 RNA polymerase (~5 units), 80 mM HEPES-KOH (pH 7.5) 24 mM NaCl 2 , 2 mM spermidine, 40 mM DTT, 10 mM rNTPs, and ~1 unit pyrophosphatase in 50 µL reaction mixtures at 37C for 16 hours, similar to previously described conditions [26] . Resultant RNAs were extracted with one volume of phenol-chloroform mixture (1:1), subsequently precipitated and quantified using a spectrophotometer (Thermo Scientific NanoDrop2000). The DNA amplicons were prepared using oligonucleotide primers containing a gene specific sequence and the sequence of the T7 promoter, as listed in Table 1 , under standard conditions for Taq DNA polymerase (New England Biolabs). For RnlucdsRNAs, pTubRnluc was used as templates for PCR amplification using two sets of oligonucleotide primers: FW_RnLuc_1 and RV_RnLuc_1 to yield Rnluc-dsRNA_1, or FW_RnLuc_2 and RV-RnLuc_2, to yield RnlucdsRNA_2. The amplicon used in the generation of control dsRNA was amplified from a plasmid containing T. gondii uracil phosphoribosyl transferase (TgUPRT) and a pair of oligonucleotide primers, called FW_UP and RV_UP.
For short dsRNA in vitro transcription, annealed oligonucleotide primers were used as templates. The oligonucleotide primers were designed to contain a complementary sequence of the T7 RNA polymerase promoter and the target sequences to independently generate sense and antisense strands of the RNA. The templates for the sense RNA strand synthesis were formed by heating a mixture of 2 µM T7promoterGG and Sense_Tpl for 5 minutes at 70 C and slowly cooling to room temperature. The mixture was then used in the in vitro transcription reaction. Similar procedures were carried out to create the templates for the antisense strands carrying a perfect or mismatch complementarity by using T7promoterGG to anneal with Antisense_match_Tpl or Antisense_mismatch_Tpl respectively. Following the in vitro transcription, resultant RNAs were quantified. Equal amounts of sense and antisense RNAs were mixed and annealed by heating the mixture to 70C for 5 minutes and cooled to room temperature to generate double-stranded silencing RNA with perfect-matched central bases (siRNA) or with mismatched central bases (miRNA) (Figure 1 ). The sense and antisense strands of the control RNA were generated similarly using T7promoterGG to anneal with Sense_CTRL or Antisense_CTRL, respectively, to create templates for in vitro transcription reactions. Table 1 Oligonucleotide primers used in the study. The sequence of T7 RNA polymerase promoter and its complementary bases are in bold and underlined, respectively.
Names
Nucleotide sequences Numbers indicate the first nucleotide of the start codon and the last nucleotide of coding sequence. The transcript encoding Rnluc was used as target for the gene silencing study and from which silencing RNAs were designed (see Table 2 and Materials and Methods). 
Dual luciferase assay following transfection by electroporation
Freshly lysed parasites were harvested and counted. Approximately 2x10 6 parasites were used for each transfection via electroporation using a BTX ECM 630 (1500 volts, 25 , and 25 μF). For each transfection, reporter plasmids with or without tested RNAs were mixed with harvested parasites in an electroporation mixture (400 µL) containing 120 mM KCl, 0.15 mM CaCl 2 , 10 mM K 2 HPO 4 /KH 2 PO 4 (pH 7.6) 2 mM EDTA, 5 mM MgCl 2 , 2 mM ATP, 5 mM glutathione in a 4 mm-gap cuvette and electroporated [29] . Following electroporation, the parasites were cultured in confluent HFF monolayers grown in T25 flasks using MEM media with L-glutamine without phenol red (Sigma Aldrich, #M3024) and supplemented with 1% dialyzed fetal bovine serum and diluted (0.5x) Antibiotic-Antimycotic at 37C in 5% CO 2 for selected periods.
For dual luciferase assays, the infected monolayers were harvested and lysed with 100 L of 1x Passive Lysis Buffer (Promega, #E1531) and incubated for 10 minutes at room temperature. Lysates were cleared of debris by centrifugation, and the supernatant was kept on ice and used in the dual luciferase assay, which was carried out in a 2-step fashion. 
Results and Discussion
Strategy & dual luciferase reporter system
In the design of the dual luciferase reporter system for the gene silencing study, we aimed to have an equal transcript production of both transcription units. Therefore, the reporter system was engineered so that the expression of both Ffluc and Rnluc are under the control of a strong and constitutive T. gondii promoter, called TgTubulin, which also provides the necessary 5'-UTR for the protein's expression. Furthermore, to ensure similar levels of transcript stability and protein synthesis from both constructs, the 3'-UTR of TgDHFR (dihydrofolate reductase) were placed downstream from the coding sequence ( Fig. 2A) . The transcript derived from Rnluc was used as the target for the homologous gene silencing by three different RNA modulators, including long dsRNA, miRNA and siRNA, while the Ffluc transcript served as an internal control for transfection, expression, and detection.
Due to the parasitic nature of T. gondii, in a gene expression and silencing analysis, the reporter system and silencing RNAs would be introduced into the parasite prior to infection of a host monolayer. We viewed that the success of the subsequent analysis would rely greatly on the viability of the post-electroporated parasite and the efficiency of transfection. The viability of the post-electroporated parasite was evaluated using the ability of the viable parasite to exclude trypan blue and propidium idodide [30] . From three independent experiments, we detected that 75 ± 10% were viable and able to multiply, when up to 60 µg of nucleic acids (RNA or DNA) were used in the elctroporation conditions (see Material and Methods).
The efficiency of transfection was evaluated by determining the amounts of remaining and internalized nucleic acids following electroporation. Nucleic acids (RNA or DNA) were randomly labeled with fluorescein during in vitro transcription or PCR amplification, and used in the electroporation. Approximately 52% of labeled nucleic acids were internalized (Al-Anouti & Ananvoranich, unpublished data). We thus concluded that under similar controlled conditions, the electroporation of nucleic acids ( 60 µg, DNA plasmids and/or RNAs) would allow sufficient numbers of viable parasites for gene silencing assays.
Next we assessed the expression of our newly engineered dual luciferase system to allow for a sensitive detection of a broad range of different silencing activities, while remaining within a linear range for a direct comparison. Based on a previous report [31] using a similar reporter system in T. gondii, when a promoter of interest and a well-characterized promoter were placed to control the expression of Rnluc and Ffluc, respectively, the transfection was carried out using 60 µg of the Rnluc and Ffluc reporter plasmids (1:2 ratio). Keeping the total amount of DNA used at 60 µg, we varied the ratio of Rnluc:Ffluc at either 1:1, 1:2 or 2:1. All ratios tested yielded reproducible data (Fig. 2B) . Consequently, the plasmid ratio at 1:1 was kept for simplicity. Other experimental parameters, including the total plasmid concentration, the number of extracellular parasites, and incubation time (post-transfection and luciferase assays), were evaluated in different combinations to establish optimal conditions for the study.
When varied numbers of harvested parasites were used in the transfection, ~10 5 -10 6 freshly released parasites were the most suitable for the study because the parasites remained intracellular at 24, 48 or 72 hours post-electroporation under the conditions tested (see Materials and Methods). These data indicated that both transcription units were efficiently expressed and maintained during the testing period ( 3 days). Because lower amounts of the reporter system were used in other eukaryotic systems [2, 27] , we thus progressively lowered the total amounts of plasmids from 40 to 0.2 µg (Ffluc:Rnluc = 1:1) so that the gene silencing data could be directly compared. It was detected that within the amounts of plasmids tested; both transcription units were still sufficiently expressed and allowed for detection within a linear range (Fig. 2C) . In all succeeding silencing analyses, 1 µg of each reporter plasmid (2 µg total) was used.
Homologous gene silencing by long doublestranded RNA
Long dsRNAs (ca. 300-800 nts) have previously been shown to induce homologous gene silencing in T. gondii [22] [23] [24] [25] [26] . To test our newly developed reporter system, two species of long dsRNAs were designed to have homologous sequences to the Rnluc mRNA. Rnluc-dsRNA_1 (596 nts) was homologous to nucleotides 12 to 607 of the Rnluc coding sequence, and RnlucdsRNA_2 (589 nts) was derived from the Rnluc coding sequence at nucleotides 458-933 and the Table 2 List of silencing RNAs used in the study. Numbers of the nucleotides are corresponding to the Rnluc transcript depicted in Figure 2A . proximal region (113 nts) of its 3'-UTR (Table 2 ). These long dsRNAs have an overlapping region (149 nts) spanning the nucleotides 458 to 607 of the Rnluc coding sequence. Using these dsRNAs, we aimed to evaluate whether dsRNAs derived from these regions exhibited similar silencing inducing ability. This in turn would reflect intermolecular interactions formed between the mRNA target and different dsRNAs, given potential structural preferences.
Silencing
To determine the extent of dsRNA ability to induce gene silencing, varied amounts of tested dsRNAs (0.25 to 4 µg) were co-transfected along with 2 µg reporter plasmids (1:1) by electroporation. When 0.25 µg dsRNA was used, a negligible reduction (<10%) of the relative Rnluc/Ffluc level was detected at 24 hours postelectroporation (Fig. 3A) . A clear silencing effect (~30-40%) was observed, when 0.5 µg of RnlucdsRNA_1 and 2 were used and able to reduce the relative Rnluc/Ffluc level to 73 ± 4 % and 61 ± 1%, in comparison with a mock silencing control (without dsRNA). The silencing effects were slightly increased when higher amounts of both dsRNAs were used. The maximal silencing ability was observed when 2-4 µg dsRNA caused the relative Rnluc/Ffluc reduction to 52 ± 10% and 62 ± 1% for Rnluc-dsRNA_1 and dsRNA_2, respectively at 24 hours post-electroporation ( Fig.  2A) . Similar levels of silencing were observed when the electroporated parasites were allowed to incubate longer, and the dual luciferase assays were carried out at 48 hours post-electroporation (Supplementary Figure 1) . The findings suggested that the transfection of long dsRNAs at 2 µg or ~5.1 pmoles, despite their targeted regions, have saturated the silencing machinery and reached their maximal ability to cause a silencing effect under conditions tested.
To evaluate the specificity of the homologous gene silencing, an unrelated dsRNA, whose nucleotide sequence is different from the intended target (the Rnluc transgene) was tested under similar conditions. TgUPRT dsRNA (629 nts) did not cause any silencing effect on Rnluc expression (Fig. 3A, the lightest shaded bars) , indicating that the silencing effect is sequence specific. The presence of unrelated dsRNA (as high as 4 µg or 10.3 pmoles) did not affect the activity of Rnluc or Ffluc. It thus indicated that in a unicellular organism, such as T. gondii, the presence of long dsRNA in a large quantity ( 4 µg) did not cause a general cellular response affecting the transcription processes and/or the degradation of gene products over the tested conditions. In summary, we have confirmed that a homologous long dsRNA has the ability to induce gene silencing in T. gondii. DsRNA exhibited the ability to induce Rnluc silencing and to drop the relative Rnluc/Ffluc to 60% in comparison to a mock electroporation. This silencing effect (~40% reduction of gene expression) was considered a mild effect in comparison to when miRNA was used in silencing (~80% reduction) the expression of Rnluc in mammalian cell cultures [2, 27] . However, such a mild silencing ability could be useful, when it is sufficient to produce a detectable phenotype (i.e. the change in an enzymatic activity). However, when TgUPRT or Toxoplasma lactate dehydrogenases (TgLDHs) were silencing targets, their homologous dsRNAs were able to reduce their expression by ~90%. In those experiments, we detected the silencing outcomes by radioactive uracil uptake assays for TgUPRT study [25] and by in vitro and in vivo growth and differentiation assays for TgLDH1 and TgLDH2 experiments [24] . It is highly likely that the level or extent of silencing effect is gene-dependent, since here the silencing effect towards Rnluc was observed at ~40%, similar to that of Toxoplasma enolase experiments [22] .
Despite its mild silencing ability, a homologous dsRNA-induced gene silencing procedure offers a very easy-to-use method. One would require little information about the gene target, such as the sequence of the transcripts or the exons, prior to initiating a silencing protocol. Moreover, long dsRNAs can quickly be synthesized in a very cost-effective way via in vitro transcription. One drawback of the system would be due to its inherited long target region(s). When more than one species of transcripts are produced from the same exon(s), the long homologous dsRNA would not be able to discern one transcript over another. Considering its pros and cons, this homologous dsRNA-induced gene silencing methodology is a valuable method-ofchoice. Keeping in mind, with its potentially mild silencing ability, the lack of a desirable phenotype might not indicate the failure of the silencing procedure, but could be an indication of the critical level of gene expression required for maintaining a phenotype. 
Homologous gene silencing by short doublestranded RNAs
Due to their availability and reliability to induce gene silencing, gene-specific siRNAs and miRNAs have become powerful reagents used in biological research.
Recent genomic and biochemical research has pointed that the T. gondii genome harbors both the RNAi genes and miRNAs [11, 16, 17] . It was thus crucial to investigate whether difference in complementarity could induce gene silencing of designated gene target. Based on predicted secondary structures and known constraints of short dsRNAs [32] , we used the mfold nucleic acid folding and hybridization prediction software [33] and SciTool RNAi design software (Integrated DNA Technologies, Inc., Iowa) to predict the most probable target sites and to design short dsRNAs specific to the Rnluc transcripts. Twenty possible targets and siRNA candidates were predicted and ranked from the most to the least probable location for the interactions. We chose the three most probable sites located between the Rnluc stop codon and the proximal region (103 nts) of its 3'-UTR (Table 2) . Two silencing RNAs were designed and synthesized for the study. One contains nucleotides perfectly complementary to its target, representing a siRNA interaction; while the other, with five-central nucleotide mismatch, represents a miRNA interaction (Fig. 1) . These silencing RNAs have three possible recognition sites located within the 3' UTR between the nucleotides 943 and 1022 of the Rnluc transcript (Table 2) .
Varied amounts of siRNA and miRNA (0.25 to 4 µg, or 15 to 246 pmoles) were independently tested for their ability to induce gene silencing using conditions similar to those tested for the long dsRNA-induced gene silencing. At 0.25 or 0.5 µg, siRNA was better than long dsRNA or miRNA (at the same amounts) to lower the Rnluc expression (Fig. 3B, upper panel) at 24 hours postelectroporation. Both siRNA and miRNA at 1 to 4 µg exhibited similar ability to silence the expression of Rnluc (~60% reduction). Interestingly, when the silencing assays were carried out at 48 hours post-electroporation, the effect was more pronounced for all amounts of siRNA and miRNA tested (Fig. 3B, lower panel) . Both siRNA and miRNA (at 0.25 µg) exhibited similar silencing ability (54 ± 2% reduction), which was higher than those at 24 hours. At higher amounts used, miRNA seems to show slightly better ability than siRNA to induce gene silencing. This silencing effect was not detected with an unrelated small RNA at either 24 or 48 hours (Fig.  3B, lightly shade bars) , confirming the homologous nucleotide sequence was required.
An enhanced silencing effect found at a longer incubation was not observed in dsRNAinduced gene silencing (Fig. S1 ). It is possible that siRNA-or miRNA-engaged machinery could be more stable than, or different from, that of a dsRNA-system. Considering the nature of transient expression of the reporter plasmids, the more stable the silencing machinery is, the more robust the machinery is to compete against the expression of reporters. Another possibility could be due to the presence of an RNA-dependent RNA polymerase, to which T. gondii carries a homologue, which would allow for the amplification of short dsRNAs using the transcripts as templates. Thus, their silencing ability would remain longer and could be enhanced as long as the transcript is present.
In summary, our findings clearly indicated that small silencing RNAs (siRNA and miRNA) are able to specifically induce gene silencing in T. gondii. This study is the first to demonstrate the activity of miRNA in gene silencing in the Apicomplexan protozoan parasites. More importantly, we showed that the silencing effect was within the range (~80% reduction of gene expression) of those observed in the silencing study in mammalian cell cultures [2, 27] . Due to their short recognition sequence, both siRNAs and miRNAs would interact with their target more specifically and yield less potential off-target interactions than long dsRNA.
3.4 Which silencing RNA (long dsRNA, siRNA and miRNA) is the best to induce homologous gene silencing?
Using the dual luciferase reporter system, we demonstrated that silencing RNAs, including long dsRNA, siRNA (perfect-match bases) and miRNA (central-mismatch bases), were capable of inducing gene-specific silencing. Long dsRNA exhibited the least silencing effect (~40% reduction of gene expression). The mild silencing effect was maintained for 48 hours, which could be due to (i) additional processing steps required to process the long dsRNA into small silencing RNAs, or (ii) a different silencing mechanism being engaged. As stated earlier, long dsRNAinduced gene silencing could be a useful tool when a quick assessment is required for evaluating a putatively essential gene. In a shorter tested period (24 hours), siRNA and miRNA were equally effective where the silencing effect was ~50%. When a prolonged and high silencing effect is required, miRNA offers the best tool among these tested silencing RNAs. Tested miRNA affected the Rnluc expression the most (80% reduction), which is equivalent to those tested in different mammalian cell cultures [2, 27] . Therefore, we concluded that miRNA, with central-mismatch bases, is the best silencing RNA to use when a homologous gene silencing is required for the study of a gene of interest. 
